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DESCRIPTION 

CRYSTALLINE POLYMER EXHIBITING SOLID PHASE TRANSITION 
PHENOMENON AND USE THEREOF 

5 

TECHNICAL FIELD 

[0001] The present invention relates to a crystalline polymer having novel 
properties and exhibiting crystal transition in the solid phase state and to the application 
of the crystalline polymer. 

1 0 BACKGROUND ART 

[0002] Trans- 1 ,4-polybutadiene is well known as crystalline polymer exhibiting 
reversible crystal transition in the solid phase state. 

[0003] For example, a report by Finter et al. (Makromol. Chem: Vol. 182, p. 
1859-1874 (1981)) discloses trans- 1 ,4-polybutadiene having a microstructure of a 

1 5 butadiene unit consisting totally of a trans form structure, a crystal transition 

temperature of 83°C, and a heat of crystal transition of 7.79 kJ/mol (140 J/g). A report 
by Bautz et al. (Colloid and Polymer Science Vol. 259, No.7, p. 714-723 (1981)) 
describes trans- 1 ,4-polybutadiene having a crystal transition temperature of 68°C (341 
K) and a heat of crystal transition of 98 J/g. In this specification, trans- 1 ,4- 

20 polybutadiene is referred to from time to time as TPB. 

[0004] JP-A-2000-230103 applied for by the applicant of the present invention 
discloses a mixture containing trans- 1,4-poly butadiene and a thermoplastic resin as 
major components and its application to a thermal storage material. JP- A-200 1-81135 
also applied for by the applicant of the present invention discloses trans- 1,4- 

25 polybutadiene having a specific structure and properties and exhibiting a reversible 
phase transition. 

[0005] However, since the materials related to the prior art disclosed in the 
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above documents have a crystal transition temperature of 68°C or more, a high heat 
source temperature is required when used as a thermal storage material, for example. 
Improvement in this respect has been desired. 

[0006] A report by Bermudez et al. (European Polymer Journal Vol. 8, p. 575- 
5 583 (1972)) describes trans- 1 ,4-polybutadiene having a crystal transition temperature of 
50-52°C and a heat of crystal transition of 48-57.2 J/g. In this specification, the heat of 
crystal transition is referred to from time to time as the amount of crystal transition 
enthalpy change (AHtr). 

[0007] However, since the materials related to the prior art disclosed in the 

10 above documents exhibit an undue decrease in the amount of crystal transition enthalpy 
change, the thermal storage capability decreases from repeated use when used as a 
thermal storage material. Improvement in this respect has been desired. 

[0008] JP-A-09-268208 applied for by the applicant of the present invention 
discloses trans- 1 ,4-polybutadiene containing a trans bond content of 95 mol% or more, 

1 5 having a weight average molecular weight of 1 ,000,000 or less and AHtr of 70 J/g or 

more, and a thermal storage material using the trans- 1 ,4-polybutadiene. In particular, a 
polymer having a number average molecular weight of 800,000 which has a 
comparatively high heat of phase crystal transition of 92 J/g at a crystal transition 
temperature of 60°C is disclosed. However, the improvement in the high crystal 

20 transition temperature is demanded of the polymer. Even if the polymer has a low 

crystal transition temperature, the poor processability due to the high molecular weight 
of 800,000 remains as a subject for improvement. 

[0009] A report by Antipov et al. (Macromol. Chem. Phys. Vol. 202, p. 82-89 
(2001)) discloses crystalline polybutadiene with a reduced crystal transition temperature 

25 (minimum: 40°C), which is prepared by controlling the ratio of 1,4-trans bonds and 1,2- 
vinyl bonds of polybutadiene so as to maintain the percentage of the trans bonds at 98% 
or less. The report does not disclose a specific amount of phase transition enthalpy 
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change. The polymer disclosed in this report, however, involves a decrease in the 
melting point according to the decrease in the crystal transition temperature, causing the 
function-exhibiting temperature to become close to the polymer flowing temperature. 
Thus, the characteristic as a solid thermal storage material not requiring sealing is 
5 cancelled. In addition, the environmental temperature range in which the thermal 
storage material is used is limited. Improvement in these respects has been desired. 

[0010] Since all of the above-mentioned prior art technologies do not satisfy 
some properties among a heat accompanying crystal transition, a crystal transition 
temperature, a melting point, processability, and the like according to the purpose of 

10 application, improvement of these technologies has been desired. 

[0011] As a thermo-responsive switch utilizing thermal expansion of a polymer, 
JP-A-07-85756 discloses a switch designed to close and open the electrical connection 
between a pair of metal electrodes according to the difference in the coefficient of 
thermal expansion of a synthetic resin joining component and a metal electrode. The 

1 5 patent specification describes that this switch can be used in place of bimetal-type 
switches for controlling the temperature of a heater. However, since this type of 
thermo-responsive switch employs a resin having an almost constant coefficient of 
thermal expansion in the entire range of use as a bonding component, the opening and 
closing temperature of the switch depends on both the mechanical structure of the 

20 switch and the characteristics of the resin. Not only designing the operating 

temperature is difficult, but also there is a risk of operating temperature changes due to 
deformation caused by pressure and the like. Improvement in this respect has been 
desired. 

[0012] On the other hand, a PTC element based on the volume change of the 
25 phase transition polymer crystals in a composite material described in JP-A-2003-45704 
is known as an element applying the solid phase transition phenomenon of a polymer. 
This element can also be used in place of bimetal-type switches for controlling the 
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temperature of a heater. The conductivity of such a PTC element with a conductive 
material dispersed in a crystalline polymer is affected by the dispersion conditions of 
conductive particles such as carbon black particles. It is difficult to obtain a product 
with uniform conductive particle dispersion in large scale production. A large 
5 fluctuation of properties is a problem. 

[0013] A crystalline polymer undergoing reversible crystal transition in the solid 
phase state can be used as a functional material such as a thermal storage material and a 
PTC element applying the heat transfer and volume change accompanying the crystal 
transition (for example, JP-A-2000-23942 applied for by the applicant of the present 

1 0 invention). The crystal transition temperature measured by DSC during a temperature 
increase corresponds to a function-exhibiting temperature such as a heat absorption 
temperature when the polymer is utilized as a thermal storage material or an electric- 
resistance jump temperature when the polymer is utilized as a PTC. Moreover, the 
crystal transition enthalpy affects the magnitude of functions such as a thermal storage 

1 5 capacity. However, since conventional crystalline polymers have a high crystal 

transition temperature when the heat of crystal (phase) transition is sufficiently high, 
their function-exhibiting temperatures are limited. In contrast, a crystalline polymer 
having a low crystal transition temperature is inferior in functions such as thermal 
storage due to an extreme decrease in the heat of crystal (phase) transition, exhibits poor 

20 processability due to the high molecular weight, or can only be used under limited 

conditions due to the low melting point. Therefore, conventional crystalline polymers 
require improvement in some of the properties. 

DISCLOSURE OF THE INVENTION 
25 [0014] According to the present invention, a polymer not only having an 

improved balance among the three requirements, i.e., a low phase transition temperature, 
a high heat of crystal (phase) transition, and a high processability (low molecular 
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weight), but also having a high melting point demanded when the polymer is used as a 
material for thermal storage medium, can be provided. Furthermore, according to the 
present invention, a thermoresponsive switch, a PTC element, and a thermal storage 
medium taking advantage of these properties of the polymer are provided. 
5 [001 5] The polymer of the present invention is a crystalline polymer exhibiting 

crystal transition in a solid state and satisfying the relationship defined by the following 
formula (1): 

150 > AHtr> 1.6Ttr-3.5 (1) 

wherein AHtr represents the endotherm (J/g) accompanying crystal transition 
10 and Ttr represents the crystal transition temperature (°C). 

This crystalline polymer has a weight average molecular weight preferably of 
30,000 to 600,000, more preferably 50,000 to 500,000, and particularly preferably 
80,000 to 400,000, and a crystal transition temperature (Ttr) of 67°C or less, preferably 
65°C or less, and particularly preferably 20 to 60°C. The crystalline polymer 
1 5 satisfying the following formula (2) is particularly preferable. 
150 > AHtr > 1.6Ttr- 15 (2) 

wherein AHtr represents the endotherm (J/g) accompanying crystal transition 
and Ttr represents the crystal transition temperature (°C). Since this crystalline polymer 
has a low phase transition temperature, a high heat of crystal (phase) transition, and a 

20 high melting point, the polymer has a high potential utility as a thermal storage material 
used around the environment temperature (20 to 50°C). 

[0016] The thermoresponsive board of the present invention comprises a flexible 
substrate and a layer of a material exhibiting reversible crystal transition accompanied 
by volume change provided on one surface of the substrate. As the material exhibiting 

25 reversible crystal transition accompanied by volume change, the above crystalline 

polymer exhibiting crystal transition in the solid phase state is particularly preferable. 
This thermoresponsive board can be used as a thermoresponsive switch and PTC c 
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element. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is a graph showing the crystal transition points of the crystalline 
5 polymer of Example 1 and the crystalline polymer of Comparative Example 1 . 

FIG. 2 is a graph showing the change of expansion coefficient in one axial 
direction according to a temperature increase of the crystalline polymers of Examples 1 
and 2 and the crystalline polymer of Comparative Example 1 . 

FIG. 3 is a schematic diagram showing the constitution of the thermoresponsive 
1 0 board of the present invention as a temperature regulator element, wherein FIG. 3(a) 
shows the element in a normal state and FIG. 3(b) shows the element at an excessively 
elevated temperature. 

FIG. 4 is a perspective view showing the thermoresponsive switch of the present 
invention. 

1 5 FIG. 5 is a cross-section showing the thermoresponsive switch in the on state. 

FIG. 6 is a cross-section showing the thermoresponsive switch in the off state. 
FIG. 7 is a graph showing the relationship between the heat release time and the 
temperature of water in a model test in which the crystalline polymer of the present 
invention is used as a thermal storage material. 
20 FIG. 8 is a graph showing the temperature dependency of spacing of lattice 

planes of the polymer of Example 1 and the polymer of Comparative Example 1. 

FIG. 9 is a graph showing the temperature dependency of the resistance value of 
the thermoresponsive switch element of the present invention. 

25 BEST MODE FOR CARRYING OUT THE PRESENT INVENTION 

[0018] The polymer of the present invention is a crystalline polymer exhibiting 
crystal transition in a solid state and satisfying the relationship defined by the following 
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formula (1): 

150> AHtr> 1.6Ttr-3.5 (1) 

wherein AHtr represents the endotherm (J/g) accompanying crystal transition 
and Ttr represents the crystal transition temperature (°C). The crystalline polymer 
5 exhibiting crystal transition in the solid phase state of the present invention has a weight 
average molecular weight of 30,000 to 600,000, preferably 50,000 to 500,000, and 
particularly preferably 80,000 to 400,000, and a crystal transition temperature (Ttr) of 
67°C or less, preferably 65°C or less, and particularly preferably 20 to 60°C. The 
polymer satisfies the condition defined by the following formula (2): 
10 150 > AHtr> 1.6Ttr- 15 (2) 

wherein AHtr represents the endotherm (J/g) accompanying crystal transition 
and Ttr represents the crystal transition temperature (°C). 

[0019] As specific examples of the crystalline polymer, trans- 1 ,4-polybutadiene, 
a copolymer of butadiene and an olefin, a modified trans- 1 ,4-polybutadiene, and the like 
1 5 can be given. 

[0020] The microstructure of a butadiene unit, in terms of the content of trans- 
1,4 structure determined by spectra such as an IR, J H-NMR, and I3 C-NMR, is 97 mol% 
or more, and preferably 98 mol% or more. 

[0021] In the case of the copolymer of butadiene and an olefin, ethylene, 
20 propylene, butene, and the like can be given as examples of the olefin. Of these, 
ethylene is preferable. 

[0022] The ratio of the butadiene unit to the olefin unit in the copolymer of 
butadiene and an olefin is preferably from 92:8 to 60:40, and particularly preferably 
from 90:10 to 70:30. 

25 [0023] When the crystalline polymer is a modified trans- 1 ,4-polybutadiene, the 

microstructure of the butadiene unit before modification, in terms of the content of 
trans-1,4 structure determined by spectra such as an IR, 'H-NMR, and l3 C-NMR, is 97 
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mol% or more, and preferably 98 mol% or more. As a modified polymer, an epoxy- 
modified polymer is preferable. To obtain a polymer having a low crystal transition 
temperature, the epoxidation rate of 1 to 60 mol%, particularly 2 to 55 mol% is 
preferable. As a method for introducing epoxy groups, a method using m- 
5 chloroperbenzoic acid (MCPBA) or the like (for example, F. C. Schilling et. al. 

Macromolecules 16, p. 808-816 (1983)) is widely known. To prevent a side reaction 
of epoxy group cleavage, uniformly introduce epoxy groups into the molecular chains, 
implement the reaction under mild conditions, and produce peracid in the reaction 
system, a method that can be handled comparatively easily such as an in situ peracid 
10 method (Y. Kuroki, et al., Polymer Journal, 26(10), p. 1163-1169 (1994)) or the like is 
preferably used. 

[0024] The melting point of the crystalline polymer (Tm) is preferably 100°C or 
more, and particularly preferably from 110 to 140°C. 

[0025] The crystal heat of fusion (AHm) (J/g) of the crystalline polymer is 
1 5 preferably from 35 to 60, and more preferably from 40 to 55. 

[0026] The weight average molecular weight (Mw) is preferably from 30,000 to 
600,000, more preferably from 50,000 to 500,000, and particularly preferably from 
80,000 to 400,000. The weight average molecular weight, here, is determined by gel 
permeation chromatography (GPC) using styrene as a standard material and o- 
20 dichlorobenzene as a solvent. 

[0027] The number average molecular weight (Mn) is 200,000 or less, and 
preferably from 10,000 to 100,000. 

[0028] The molecular weight distribution (Mw/Mn) is preferably from 1 to 25, 
and particularly preferably from 2 to 22. 
25 [0029] The trans- 1 ,4-polybutadiene of the present invention can be prepared by 

polymerization using a catalyst containing (A) a vanadium compound and (B) a 
alkylaluminum chloride. 



[0030] As the vanadium compound catalyst (A), vanadium compounds such as 
vanadium triacetylacetonate, vanadium trichloride THF complex, oxyvanadium 
trichloride, vanadium naphthenate, and vanadium oxyalkoxide, and the like can be 
given. Of these, oxyvanadium trichloride (VOCl 3 ) is preferable. 
5 [003 1] As the alkylaluminum chloride (B), dimethylaluminum chloride, 

diethylaluminum chloride, diisobutylaluminum chloride, methylaluminum dichloride, 
ethylaluminum sesquichloride, ethylaluminum dichloride, and the like can be given. 
Among these, diethylaluminum chloride (DEAC) is preferable. 

[0032] The proportion of the component (A) and the component (B) in molar 

10 ratio is preferable 1:300 to 10:1. 

[0033] As the polymerization method, solution polymerization using a solvent, 
gas-phase polymerization using a catalyst carried on a carrier, bulk polymerization 
using butadiene monomer as a medium, and the like can be used. As examples of the 
solvent used in the solution polymerization, aliphatic hydrocarbons such as pentane, 

15 hexane, heptane, and cyclohexane; aromatic hydrocarbons such as benzene, toluene, and 
xylene; halogenated hydrocarbons such as chloroform, methylene chloride, 
dichloroethane, and chlorobenzene; mineral oil; and the like can be given. In the case 
of copolymerization with an a-olefin, the a-olefin may be added at an early stage of 
polymerization or may be continuously supplied. 

20 [0034] In the above polymerization, the polymerization reaction time is usually 

from 1 minute to 12 hours, and preferably from 5 minutes to 2 hours, and the 
polymerization temperature is usually from -10°C to 60°C, and preferably from 0°C to 
40°C. 

[0035] According to the present invention, a thermoresponsive board comprising 
25 a flexible substrate and a layer of a material exhibiting reversible crystal transition 
accompanied by volume change provided on one of the surfaces of the substrate is 
provided. As the material exhibiting reversible crystal transition accompanied by 



volume change, trans- 1,4-polybutadiene described in JP-A-2001-81 135, trans-1,4- 
polybutadiene described in JP-A-09-268208, and the crystalline polymer exhibiting 
crystal transition in the solid phase state of the present invention can be used. There 
are no specific limitations to the flexible substrate. Any material that exhibits 
5 flexibility may be used. Metals such as aluminum, copper, and the like and resins such 
as PET, polyimide, and the like can be preferably used. Substrates with a roughened 
surface or a porous structure surface are preferable for increasing peel strength. 

[0036] There are no specific limitations to the method for providing a layer of a 
material exhibiting reversible crystal transition accompanied by volume change. For 
10 example, a method of laminating a layer of the material exhibiting reversible crystal 
transition accompanied by volume change on the substrate and heat-pressing the 
laminate, or a method of preparing a solution of the material exhibiting reversible 
crystal transition accompanied by volume change, coating the solution onto the 
substrate, and drying the coating may be employed. The method of coating the 
1 5 solution and drying the coating is preferable in view of processability and the like. 

[0037] This method of using a solution is particularly suitable for preparing a 
small and thin thermoresponsive board exhibiting a large displacement. 
r [0038] The solution of the material exhibiting reversible crystal transition 

accompanied by volume change, for example, a solution of trans- 1 ,4-polybutadiene, can 
20 be prepared using a solvent with a solubility parameter of about 14 to 30 MPa ,/2 . The 
value of the solubility parameter described in Macromol. Chem. Phys. Vol. 202, p. 82- 
89 (2001), for example, may be used. 

[0039] As examples of the solvent that can be used, hexane, cyclohexane, 
toluene, tetrahydrofuran, methylethylketone, chloroform, dimethyl formamide, dimethyl 
25 acetamide, and the like can be given. Of these, tetrahydrofuran, chloroform, toluene, 
and the like are preferable. 

[0040] A solvent with a solubility parameter of above 30 MPa 1/2 is unsuitable 

10 



because such a solvent can dissolve almost no trans- 1 ,4-polybutadiene. 

[0041] When the material exhibiting reversible crystal transition accompanied 
by volume change, for example, trans- 1 ,4-polybutadiene, is dissolved in the above- 
mentioned solvent at room temperature, a suspension with a large amount of solid 
5 polymer is frequently obtained along with an increase of the polymer concentration. 

[0042] If such a suspension is heated to a temperature a little above the 
crystalline transition temperature, for example, to a temperature of 60 to 80°C, a 
solution suitable for producing the thermoresponsive board of the present invention, 
with a wide polymer concentration range of about from 0.01 to 30 wt%, can be 
10 obtained. 

[0043] The polymer concentration less than about 0.01 wt% is undesirable, 
because the film after drying is split into small independent pieces at such a small 
concentration of polymer. 

[0044] Although dependent on the molecular weight of the polymer, the polymer 
15 concentration above approximately 30 wt% impairs flowability of the solution, making 
it difficult to apply the solution. A particularly preferable polymer concentration of the 
solution is from 0.1 wt% to 10 wt%. 

[0045] As the method for applying the solution, a method of casting the solution 
by a bar coater or the like or spin coating the solution to the surface of a substrate, and 
20 the like can be used. 

[0046] In order to form a polymer film by solution coating, a volatile solvent is 
preferred. In this respect, solvents with high volatility such as tetrahydrofuran, 
chloroform, toluene, and the like are preferable. 

[0047] The solution of the material exhibiting reversible crystal transition 
25 accompanied by volume change, for example, a solution of trans- 1 ,4-polybutadiene, 
prepared in the temperature range above the crystal transition temperature does not 
abundantly deposit trans- 1 ,4-polybutadiene crystals even if cooled below the crystal 
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transition temperature. Therefore, the step of coating the substrate with the solution 
may be carried out at a temperature lower than the above temperature range such as at 
room temperature, although coating at a temperature higher than the crystal transition 
temperature is not excluded. 
5 [0048] The film of a semi-crystalline polymer material formed on a substrate in 

the manner mentioned above may be a uniform dense film, a porous film, or a film with 
a net-like structure. 

[0049] A porous film is formed depending on the coating conditions. For 
example, the film of trans- 1,4-polybutadiene formed from a volatile polar solvent in air 

10 tends to have a porous structure. 

[0050] The porous structure is thought to be formed as a result of inhomogeneity 
of the solution due to crystallization of the polymer in the solution film during drying, 
as well as inhomogeneity of the solution caused by incorporation of moisture in air 
when the water vapor condenses by cooling of the film due to the latent heat of solvent 

15 vaporization. 

[005 1] Such a polymer with a porous structure or a net-like structure can be used 
as the thermoresponsive board of the present invention, because the film made from 
such a polymer can change its size due to crystal transition. 

[0052] In the laminate produced in this manner, the volume of the layer A 
20 expands at the crystal transition temperature (Ttr) of the material exhibiting reversible 
crystal transition accompanied by volume change. The expansion causes a sudden 
displacement action at the temperature Ttr, enabling the laminated substrate to act as a 
thermoresponsive board. 

[0053] Supposing that the thermoresponsive board has a rectangular shape with 
25 a length 1 and a width w, consisting of the layer A made of the material exhibiting 

crystal transition accompanied by volume change with a thickness h, and the substrate B 
with a thickness h 2 , the ratio of the thicknesses is indicated by n = h 2 /hj. The modulus 
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of elasticity of the layer A and layer B is indicated by E l and E 2 , respectively, and the 
ratio is expressed by m = E 2 /E,. Supposing that the volume change proportion of the 
layer A at the crystal transition temperature (Ttr) is A, the amount of displacement D 
produced by the thermoresponsive board at temperature Ttr is indicated by the 
following formula (3), 
[0054] 

[0055] wherein k represents the following formula (4), 
[0056] 
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[0057] wherein s is a linear displacement in the longitudinal direction of the 
thermoresponsive board, of which the approximate amount can be determined from the 
volume change proportion 8 according to the following formula (5), 

[0058] 

.--La (5> 



[0059] on the premise that the layer A is isotropic. 

[0060] It can be understood from the formula (3) that the thermoresponsive 
board preferably has a small thickness to create a large displacement action. For this 
reason too, a material exhibiting reversible crystal transition accompanied by volume 
20 change that can easily prepare thin films using a solution process and the like, for 
example, a semi-crystalline polymer material such as trans- 1 ,4-polybutadiene, is 
preferably used as the layer A. 

13 



[0061] According to the formulas (3) and (4), because the value D reaches the 
maximum when mn 2 = 1, the value E 2 h 1 2 /h, 2 is preferably close to the modulus of 
elasticity Ej of the layer A. 

[0062] That is, the relationship shown by the following formula (6): 
5 [0063] 

E 2 h 2 l = E t h ! 2 (6) 

[0064] exists. 

[0065] When a substrate with a flat, smooth surface is used as the substrate B, 
the laminated layer A may be easily detached in some cases. Therefore, the usable 
1 0 material is limited. For example, when trans- 1 ,4-polybutadiene is used as the layer A 
and aluminum is used as the substrate B, the layer A is easily detached from the 
substrate B due to distortion produced at the crystal transition temperature. 

[0066] A substrate having a roughened surface for which an anchor effect can be 
expected, a porous substrate, and the like are preferably used for suppressing 
1 5 detachment. 

[0067] When a porous material is used as the substrate B, pores of the substrate 
can be invaded by the material A of which the volume changes, whereby it is possible to 
increase the apparent value h 1 . In addition, due to the porosity, the value E 2 of the 
substrate is smaller than the modulus of elasticity E B of the matrix forming the porous 

20 structure of the substrate B. Such a porous substrate is preferably used in the present 
invention, because it can easily satisfy the formula (6) which is an equation representing 
the conditions for providing the above-mentioned large displacement amount, while 
using a rigid material excelling in shape stability for the substrate B. 

[0068] Furthermore, an overheat-protection element can be prepared using the 

25 thermoresponsive board of the present invention. Such an overheat-protection element 

14 



can be prepared by, for example, forming a conductive layer using a silver paste on the 
opposite side of the layer of the material exhibiting reversible crystal transition 
accompanied by volume change of the thermoresponsive board substrate with the above 
structure. The overheat-protection element of this structure exhibits contact point 
5 opening (resistance: oo) due to a rapid change of the film configuration in the 

neighborhood exceeding the crystal transition temperature (Ttr) of the crystalline 
polymer used. If this element is cooled, the resistance returns the initial value at the 
temperature about 5-15°C below the Ttr. That is, the overheat-protection element of 
the present invention can be used as an overheat-protection element which reversibly 

10 produces rapid contact-point opening and forms the contact point near the temperature 
Ttr of the crystalline polymer used. 

[0069] When the substrate is an insulating material, the conductive film C such 
as a metal formed on the surface of the substrate comes into contact with or detaches 
from the contact point D by the displacement action of the thermoresponsive board at 

15 the crystal transition temperature (Ttr). This can be utilized for controlling the current 
flowing through external circuits connected to the electric conduction film C and the 
contact point D. 

[0070] The electric conduction film C can be formed by various methods such as 
coating of an electric conduction paste, vapor deposition of a metal membrane, metal 

20 plating, and the like. 

[0071] The present invention further provides a thermoresponsive switch 
comprising a pair of electrodes, and an insulating component made of the crystalline 
polymer exhibiting crystal transition in the solid phase state and a component made of a 
conductive substance provided between the pair of electrodes, the electric connection 

25 and disconnection between the pair of electrodes being caused by change of volume 
expansion rate of the crystalline polymer when the polymer exhibits transition in the 
solid phase state near the crystal transition temperature range. 

15 



[0072] The action of the switch will now be described referring to FIGS. 4, 5, 
and 6. FIG. 4 is a perspective view showing the outline of the switch of the invention. 
FIG. 5 is an illustrating view showing a partial longitudinal section when the 
thermoresponsive switch of FIG. 4 is in the ON state. FIG. 6 is an illustrating view 
5 showing a partial longitudinal section when the thermoresponsive switch of FIG. 4 is in 
the OFF state. The switch 1 0 shown in FIG. 5 comprises a crystalline polymer 
component 12 having through-holes 1 la and lib, each hole 1 la or 1 lb being provided 
with components 13a and 13b made of a conductive material so that these components 
13a and 13b come in contact with a pair of electrodes 14a and 14b at an ordinary 

10 temperature. The polymer component 12 is formed so as to be pressure bonded with 
electrodes 14a and 14b. 

[0073] Therefore, at an ordinary temperature, when a voltage is applied between 
the electrode 14a and the electrode 14b, a current flows through the conductive 
components 13a and 13b and switches ON. When the temperature in air increases and 

1 5 the polymer component 12 is heated to the crystal transition temperature of the 
crystalline polymer, the distance between the electrode 14a and the electrode 14b 
enlarges due to the volume change of the crystalline polymer, canceling the contact of 
the conductive components 13a and 13b with the electrode 14a and the electrode 14b. 
As a result, the current flow is shut down and the switch is OFF. 

20 [0074] The through-holes 1 1 forming the switch are not necessarily a perfect 

circle in cross-section, but may be an ellipse, a rectangle, or the like taking the 
processability and strength of the formed product into consideration. The size of the 
through-holes may or may not be uniform in the vertical direction of the component, but 
may be designed so that the conductive components 13a and 13b can be secured in 

25 some locations. The number of through-holes can be selected according the required 
resistance and process conditions. Although the location of the through-holes 1 1 in the 
polymer component 12 can be arbitrarily selected, uniform distribution of the through- 
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holes 1 1 is preferable in view of operational stability. 

[0075] The through-holes 1 1 are provided in the manner of preventing the 
conductive components 13a and 13b from being exposed on the side of the switch in 
order to retain the conductive components 13a and 13b in the positions and to maintain 
5 insulation properties of the switch side. If the insulation properties of the switch side 
are not required, the through-holes 1 1 may be notches forming a part of the side of the 
polymer component 12. In addition, when the conductive components 13a and 13b are 
retained by another means, the through-holes 1 1 may not be used. In this case, the 
polymer component 12 and the conductive components 13a and 13b may be arranged 

10 between a pair of electrodes 14a and 14b. 

[0076] The material constructing the polymer component 12 forming the switch 
is the crystalline polymer exhibiting crystal transition in the solid phase state of the 
present invention. It is desirable that the volume expansion rate in the crystal 
transition temperature range of the material greatly differs from the thermal expansion 

1 5 rate outside the crystal transition temperature range. In addition, it is desirable that the 
material rapidly changes volume in the crystal transition temperature range. 

[0077] The polymer component 12 may be a composite material of a polymer 
exhibiting crystal transition in the solid phase state, of which the volume expansion rate 
in the transition temperature range is greater than the thermal expansion rate in the other 

20 temperature range, and an insulating material such as another polymer or an inorganic 
material, or may have a laminated structure with another insulating material. 

[0078] According to the present invention, a thermal storage material and a 
thermal storage medium comprising the crystalline polymer exhibiting crystal transition 
in the solid phase state are provided. The thermal storage material or the thermal 

25 storage medium may be obtained by forming the crystalline polymer exhibiting crystal 
transition in the solid phase state into a desired shape. There are no specific limitations 
to the forming method. Conventional forming methods applied to resin forming such 
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as compression molding, injection molding, and extrusion molding can be employed. 
The size and shape may be appropriately selected according to the target application. 
According to application, the thermal storage material or the thermal storage medium 
may be produced in a form contained in a case. When the storage material or the 
5 thermal storage medium of the present invention which has accumulated heat at the 

crystal transition temperature is allowed to stand in a low temperature environment, the 
material exhibits a heat releasing action at the crystal transition temperature while being 
cooled and exhibits the effect of remarkably extending the heat releasing time at around 
the crystal transition temperature. 

10 [0079] The crystalline polymer of this invention can be formed into a pellet, 

laminate with a thin board or a metal plate, hollow fiber, structural object, cast film, and 
the like. The pellet or the formed material is used by causing them to be in contact 
with a heat medium, may be used mixed with another polymer not exhibiting the phase 
transition phenomenon, or may be used mixed with a solid material other than a 

1 5 polymer. Furthermore, it is possible to use the crystalline polymer as a PTC element 
by mixing with conductive particles. 



EXAMPLES 

[0080] The weight average molecular weight was determined by the following 
20 method. A sample was analyzed by gel permeation chromatography (GPC) using 
Waters 150 type column (two Shodex HT-806M columns and one Shodex HT-800P 
precolumn, manufactured by Showa Denko K. K.), styrene as a standard substance, and 
o-dichlorobenzene as a solvent at 135°C. The resulting GPC curve was calibrated 
using a calibration curve prepared by analyzing standard polystyrene under the same 
25 conditions. 

[0081] The trans- 1 ,4-polybutadiene content and the olefin content were 
calculated from the peak intensity ratio of in the l3 C-NMR spectra measured using EX- 
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100 manufactured by JEOL Ltd. 

[0082] The crystal transition temperature and the heat of crystal transition 
were determined as follows. Using a differential scanning calorimeter (DSC) 
SSC5200 manufactured by Seiko Instruments, Inc., a sealed pan made of aluminum 
5 containing about 5 mg of sample was heated at 200°C for 10 minutes in a nitrogen 

atmosphere to completely melt the sample, following which the sample was cooled to - 
30°C at a rate of -5°C per minute to crystallize. Then, the crystallized polymer was 
heated at a rate of 10°C per minute to determine the crystal transition temperature (Ttr), 
which is the temperature at which the endothermic peak accompanying crystal transition 

10 is the maximum, and the heat of crystal transition (AHtr), which is the total amount of 
heat per unit amount of polymer absorbed by crystal transition. The melting point 
(Tm), the temperature at which the endothermic peak accompanying crystal melting is 
the maximum, and the melting heat (AHm), which is the total amount of heat per unit 
amount of polymer absorbed during crystal melting, were also determined. 

15 [0083] The expansion rate due to the temperature increase was determined 

under the following conditions. Using a 990 Thermal Analyzer and 943 
Thermomechanical Analyzer (TMA) manufactured by Du Pont Instrument, a sample (2 
mm x 2 mm, thickness: 200 |im) set in a cell made of quartz was heated to a prescribed 
temperature (Ttr determined by DSC + 30°C) at a rate of 10°C per minute in air, cooled 

20 to room temperature, and again heated to the prescribed temperature at the rate of 10°C 
per minute to measure the expansion rate of the film in the thickness direction. 

[0084] The crystal spacing of lattice planes was measured during a 
temperature increase from 25°C to 100°C using a wide-angle X-ray-diffraction 
apparatus RINT2500 (manufactured by Rigakusha Co., Ltd.) under the conditions of a 

25 tube voltage of 40 kV, a tube current of 1 30 mA, and a measuring range 20 of 3° to 40°. 
The crystal spacing of lattice planes at each measured temperature was calculated by 
applying the diffraction peak position of the (200) face characteristic to the obtained 
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TPB to the Black formula. 

[0085] Comparative Example 1 

A reaction vessel with an internal volume of 100 1, sufficiently flushed with 
nitrogen, was charged with 35.75 1 of toluene. After the addition of 12.5 1 of butadiene, 
5 250 mmol of vanadium oxytrichloride (YOC13) as a catalyst and 1,250 mmol of 

diethylaluminum chloride (DEAC) as a co-catalyst were sequentially added to initiate 
the polymerization. The polymerization was carried out in a nitrogen atmosphere for 
30 minutes at an initial temperature of -8°C and a final temperature of 60°C. The 
reaction solution containing the polymer was added to the same volume of ethanol 
1 0 (containing Irganox 1 076 manufactured by Ciba Geigy as an anti-aging preventive) to 
precipitate and collect the polymer. The polymer had a trans bond content of 99%, a 
weight average molecular weight (Mw) of 210,000, and a number average molecular 
weight (Mn) of 29,000. The heat properties of the polymer are shown in Table 1 . 
[0086] Example 1 

1 5 A round-bottomed flask with an internal volume of 200 ml was charged with 2 

g of trans- 1 ,4-polybutadiene of Comparative Example 1 and 98 g of toluene. After 
dissolving the trans- 1 ,4-polybutadiene over a water bath at 60°C in a nitrogen 
atmosphere, 0.4 ml of formic acid and 2.5 ml of 30% hydrogen peroxide solution were 
added. Then, the flask was sealed and the mixture was reacted for 30 minutes in a 

20 sealed system. The reaction was terminated by precipitating the polymer in a large 
amount of ethanol. The precipitate was filtered, washed with ethanol, and dried. 
[0087] Examples 2 and 3 

The same experiment as in Example 1 was carried out except that the reaction 
time was changed. The reaction time in Example 2 was 1 0 minutes and the reaction 
25 time in Example 3 was 5 minutes. 

[0088] Examples 4, 5, 6, and 7 

The same experiment as in Example 1 was earned out, except for using 0.8 ml 
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of formic acid and 5 ml of 30% hydrogen peroxide solution, and changing the reaction 
time. The reaction time in Example 4 was 5 minutes, the reaction time in Example 5 
was 10 minutes, the reaction time in Example 6 was 20 minutes, and the reaction time 
in Example 7 was 30 minutes. 
5 [0089] Example 8 

A round-bottomed flask with an internal volume of 100 ml was charged with 1 
g of trans- 1,4-polybutadiene and 49 g of toluene. 1 After dissolving the trans- 1,4- 
polybutadiene over a water bath at 60°C in a nitrogen atmosphere, 0.7 ml of formic acid 
and 0.5 ml of 30% hydrogen peroxide solution were added. The mixture was reacted 
10 for 30 minutes in a sealed system. The reaction was terminated by precipitating the 
polymer in a large amount of ethanol. The precipitate was filtered, washed with 
ethanol, and dried. 

[0090] Examples 9, 10, 11, and 12 

The same experiment as in Example 8 was carried out except that the 
1 5 following amounts of the reaction reagents were used. Specifically, 0.35 ml of formic 
acid and 0.25 ml of 30% hydrogen peroxide solution were used in Example 9, 0.35 ml 
of formic acid solution and 0.5 ml of 30% hydrogen peroxide solution were uses in 
Example 10, 0.7 ml of formic acid and 0.25 ml of 30% hydrogen peroxide solution were 
uses in Example 11, and 2.1 ml of formic acid and 1.25 ml of 30% hydrogen peroxide 
20 solution were used in Example 12. 

[0091] Example 13 

A round-bottomed flask with an internal volume of 100 ml was charged with 1 
g of trans- 1 ,4-polybutadiene and 49 g of toluene. After dissolving the trans- 1 ,4- 
polybutadiene over a water bath at 60°C in a nitrogen atmosphere, 1.4 ml of formic acid 
25 and 1 .25 ml of 30% hydrogen peroxide solution were added. The mixture was reacted 
for 60 minutes in a sealed system. The reaction was terminated by precipitating the 
polymer in a large amount of ethanol. The precipitate was filtered, washed with 
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ethanol, and dried. 

[0092] Example 14 

The same experiment as in Example 13 was carried out except for changing 
the amount of formic acid to 0.7 ml. 
5 [0093] Example 15 

A round-bottomed flask with an internal volume of 1,000 ml was charged with 
55 g of trans- 1 ,4-polybutadiene and 570 g of toluene. After dissolving the trans- 1,4- 
polybutadiene over a water bath at 60°C in a nitrogen atmosphere, 1 1 ml of formic acid 
and 68.8 ml of 30% hydrogen peroxide solution were added. The mixture was reacted 
1 0 for 60 minutes in a sealed system. The reaction was terminated by precipitating the 
polymer in a large amount of ethanol. The precipitate was filtered, washed with 
ethanol, and dried. 

[0094] Example 16 

A round-bottomed flask with an internal volume of 2,000 ml was charged with 
15 1 00 g of trans- 1 ,4-polybutadiene and 900 g of toluene. After dissolving the trans- 1 ,4- 
polybutadiene over a water bath at 60°C in a nitrogen atmosphere, 21 ml of formic acid 
and 42.2 ml of 30% hydrogen peroxide solution were added. The mixture was reacted 
for 90 minutes in a sealed system. The reaction was terminated by precipitating the 
polymer in a large amount of ethanol. The precipitate was filtered, washed with 
20 ethanol, and dried. The amounts of raw materials, reaction conditions, and crystal 
transition temperature (Ttr), heat of crystal transition (AHtr), melting point (Tm), and 
heat of crystal melting (AHm) of the polymers obtained in these Examples are shown in 
Figure 1 . 

[0095] [Table 1] 
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[0096] FIG. 1 is a DSC thermogram of the crystalline polymer obtained in 
Example 1 and the polymer obtained in Comparative Example 1 during temperature 
increase. Based on the data, the crystalline polymer of the present invention was 
confirmed to exhibit the crystal transition phenomenon at a comparatively low 
temperature as compared with conventionally known crystalline polymers. 

[0097] FIG. 8 shows the temperature dependency of the spacing of lattice planes 
determined from the diffraction peak locations obtained by the wide angle X-ray- 
diffraction measurement of the polymers obtained in Example 1 and Comparative 
Example 1 . Based on the result, the discontinuous volume change of the crystalline 
polymer of the present invention was confirmed to be due to the expansion of the crystal 
lattice caused by crystal transition. 

[0098] FIG. 2 shows the rate of expansion in the uniaxial direction of the 
crystalline polymers obtained in Examples 1 and 2 and the polymer obtained in 
Comparative Example 1. It can be understood from the result that since the crystalline 
polymer of the present invention exhibits discontinuous volume change in a low 
temperature range of 30-60°C, the polymer has desired properties as a switching 
element in a low temperature range closer to normal environmental temperatures. 

[0099] (Thermoresponsive board) 

Example 17 

As the material exhibiting crystal transition accompanied by a volume change, 
the trans- 1 ,4-polybutadiene with a trans- 1,4-bond content of 99% which was prepared 
in the same manner as in Comparative Example 1 was used. The polystyrene-standard 
weight average molecular weight (Mw) and number average molecular weight (Mn) of 
the trans- 1 ,4-polybutadiene were respectively 2 1 0,000 and 29,000. The crystal 
transition temperature was 70.8°C and the heat of crystal transition was 1 1 8 J/g. The 
melting point was 130.3°C and the heat of melting was 56.7 J/g. 
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The above trans- 1,4-poly butadiene was dissolved in tetrahydrofuran in an 
amount to make a solution with a 5 wt% polymer concentration. The solution, which 
was cloudy at room temperature, turned into almost clear when heated to 70°C. 

This heated trans-l,4-polybutadiene solution was applied to one side of a 
polyolefin porous film (U-Pore manufactured by Ube Industries, Ltd.) cut into a 5 cm x 
1 cm rectangle with a thickness of 25 /mi, used as a substrate, and dried in air. 

[0100] The dry film significantly curved to the side coated with 
trans-l,4-polybutadiene due to the contraction of trans- 1,4-polybutadiene after drying. 
The film was heated on a sheet heater from room temperature in air. Although the film 
exhibited almost no change in shape up to a temperature near the crystal transition 
temperature (Ttr), the shape rapidly changed around a temperature exceeding the crystal 
transition temperature (Ttr). When one of the ends was secured, the displacement D at 
the other end was about 2 cm or more. When cooled, the film reverted to the initial 
shape at or below the Ttr. Thus, the film was confirmed to function as a 
thermoresponsive board which produces a rapid displacement reversibly at the 
temperature of Ttr. 

[0101] Example 18 

Using the thermoresponsive board obtained in Example 17, a layer 3 of 
conductive film was formed by previously coating and drying a silver paste ("Alemco 
bond 525" manufactured by Alemco, Inc.) on the polyimide porous film substrate 2 on 
the side opposite to the side on which the trans- 1,4-poly butadiene layer 1 was formed. 
Terminals 5 and 6 used for connecting a contact point 4, which was electrically 
connected with the conductive film, with an outside circuit were formed, thereby 
obtaining an overheat-protection element (FIG. 3(a)). 

The element exhibited a resistance of 20 Q at room temperature. This element 
was heated from room temperature on a sheet heater in air. Although the element 
exhibited almost no change in resistance up to a temperature near the crystal transition 
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temperature (Ttr), the film shape rapidly changed around a temperature exceeding the 
crystal transition temperature (Ttr), resulting in contact point opening (resistance: °o) 
(FIG. 3(b)). When the element was cooled, the resistance was restored to the initial 
value at or below the temperature Ttr. Thus, the element was confirmed to function as 
an overheat-protection element in which reversible rapid contact-point opening and 
short circuit occur at the temperature Ttr. 
[0102] Example 19 

An overheat-protection element was prepared in the same manner as in Example 
1 8, except for using the thermoresponsive board with a length of 1 cm and a thickness 
of 0.2 mm and forming the conductive film Al by vacuum deposition. 

The element exhibited conductivity at room temperature. This element was 
heated from room temperature on a sheet heater in air. Although the film exhibited 
almost no change in resistance up to a temperature near the crystal transition 
temperature (Ttr), the film shape rapidly changed around a temperature exceeding the 
crystal transition temperature (Ttr), resulting in contact point opening. When the 
element was cooled, a short circuit occurred when the temperature decreased below Ttr. 
Thus, the element was confirmed to function as an overheat-protection element which 
causes reversible rapid contact point opening and short circuit at the temperature Ttr. 

[0103] Example 20 

The same procedure as in Example 17 was repeated except for using the 
epoxylated trans- 1 ,4-polybutadiene of Example 1 6. Displacement was observed 
according to the change of temperature. 

[0104] (Thermoresponsive switch) 

Example 21 

0. 3 wt% anti-oxidant (Irganox 1076 manufactured by Ciba Geigy) was added to 
the trans- 1 ,4-polybutadiene of Example 16. The mixture was formed by heat-pressing 
at 160°C using a press machine (a compacting machine S-37.5, cylinder diameter: 150 
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mm, maximum pressure: 21 MPa (210 kgf/cm 2 ), manufactured by Shinto Metal 
Industries, Ltd.) to obtain a polymer plate with a dimension of 10 x 10 x 0.5 mm. 16 
through-holes with a diameter of 0.7 mm were bored using a borer through the plate in a 
uniform pattern. A metal ball with a diameter of 0.7 mm ("M705" manufactured by 
Senju Metal Industries, Ltd.) was placed in each of the through-holes. A copper foil 
with a thickness of 70 ^m (electrolysis copper foil "CF-T 9-70" manufactured by 
Fukude Metal Foil and Powder Co., Ltd.) was used to cover and adhere to both sides of 
the polymer plate by pressing using a frame with a thickness of 0.50 mm and a press 
machine to obtain a switch. In the pressing operation, the polymer plate covered with 
the copper foil was retained in the frame previously heated to 160°C for five minutes, 
then a pressure of over 10 MPa (100 kg£/cm 2 ) (press meter reading) was applied for one 
minute, followed by cooling without applying pressure. 

[0105] The switching element thus provided was placed in an electric furnace to 
measure the resistance at room temperature and at 61°C by the four-line resistance 
measuring method using a multi-meter ("Model 2700" manufactured by Keithley 
Instruments Inc.). As a result, the resistance was determined to be 11.1 Q at room 
temperature and 1.2 x 10 8 Q (measurement limit of the multi-meter) or more at 61°C. 
The switch element was removed from the electric furnace and allowed to cool to 
confirm that the initial resistance of 11.1 £1 was restored at 44-C. The degree of 
displacement according to the change of temperature is shown in FIG. 9. 

[0106] (Thermal storage material) 

Example 22 

The polymer of Example 16 (transition temperature: during temperature 
increase: 39°C, during temperature decrease: 30°C) was press-formed at 140°C using a 
press machine (a press machine S-37.5, cylinder diameter: 150 mm, maximum pressure: 
21 MPa (210 kgf/cm 2 ), manufactured by Shinto Metal Industries, Ltd.) to obtain two 
sheet of polymer plate with dimensions of 40 x 60 x 5 mm. The total weight of the 
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plates was 17.8 g. The two polymer plates were put into a paperboard cup containing 
100 g of water with a temperature of 45°C or more. The paperboard cup was then 
placed in a thermostat vessel maintained at 15°C, while continuously measuring the 
water temperature at the bottom. The relationship between the heat releasing time and 
water temperature is shown in FIG. 7. 
[0107] Comparative Example 2 

The same procedure as in Example 22 was repeated except that plates (total 
weight: 18.3 g) prepared from LDPE resin (UMERIT 1540F manufactured by Ube 
Industries, Ltd.) were used instead of the epoxylated TPB. The results are shown in 
Figure 7. 

[0108] Comparative Example 3 

The same procedure as in Example 22 was repeated except that 18.0 g of water 
was added to make the total amount 1 1 8.0 g instead of using the epoxylated TPB. The 
results are shown in Figure 7. 

[0109] As is clear from the data obtained in Example 22, the water temperature 
decrease was delayed at about 30°C, when a part of water was replaced by the same 
weight (and almost the same volume) of epoxylated TPB. This indicates that when the 
crystalline polymer of the present invention was used, latent heat storage was produced 
and the accumulated heat was discharged at the crystal transition temperature during the 
temperature decrease. 

[0110] Example 23 

The polymer of Example 15 was press-formed at 160°C using a press machine 
(press machine S-37.5, cylinder diameter: 150 mm, maximum pressure: 21 MPa (210 
kgf/cm 2 ), manufactured by Shinto Metal Industries, Ltd.) to obtain a polymer plate with 
dimensions of 40 x 60 x 1 mm. The plate was placed in a microwave oven (RE-4100, 
output 1 100W, manufactured by Sharp Corp.) and heated for a prescribed period of time. 
A temperature increase due to microwave irradiation was confirmed. The irradiation 
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time and the surface temperature of the polymer plate after the irradiation are shown in 
Table 2. 

[0111] Comparative Example 4 



The same procedure as in Example 23 was repeated except for using TPB of 
Comparative Example 1 . The results are shown in Table 2. 
[0112] [Table 2] 





Modified TPB* 
Dried product 


Non-modified TPB 


Radiation time (s) 


Temperature reached (°C) 


Temperature reached (°C) 
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32.1 
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33.6 
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55.5 




60 


58.2 




120 


97.6 




180 




42.1 



* : Rate of epoxidation: 24.2% ; After drying treatment 



[0113] In Example 23, the surface temperature of the sample plate increased up 
to 98°C by irradiation for 120 seconds. In this instance, the temperature increase on 
the rotation pan at the bottom of the oven was slight. The sample plate heated by the 
microwave irradiation for 60 seconds or more was allowed to stand at room temperature 
to confirm that heat was released during the temperature decrease and the plate surface 
temperature required about eight minutes to decrease from 3 1°C to 25°C. On the other 
hand, the temperature increased to 42°C by irradiation for 1 80 seconds in Comparative 
Example 4. This is, however, due to the propagation of heat from the bottom of the 
oven in which the temperature increased and the effect of temperature increase is very 
small as compared with the polymer of the present invention. In addition, it required 
only 2.5 minutes for the surface temperature to decrease from 31°C to 25°C at room 
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temperature, indicating that the polymer of the Comparative Example 4 cannot function 
as a thermal storage material at around 30°C due to the high transition temperature. 

INDUSTRIAL APPLICABILITY 

[0114] The crystalline polymer of the present invention is a novel polymer 
exhibiting the phase transition phenomenon, easily formed and processed, and 
exhibiting a large heat transfer during crystal transition. The crystalline polymer is 
useful as a thermoresponsive board, an overheat-protection element using the 
thermoresponsive board, and a material for a thermoresponsive switch. In addition, 
due to the possession of a low phase transition temperature and a high heat of crystal 
(phase) transition, the polymer is also useful as a thermal storage material and a thermal 
storage medium. Particularly, the excellent processability provides the polymer with a 
high applicability in industry. 
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